Background: Bioformulations are the preparations that contain beneficial microorganisms as active ingredients and they may represent a novel alternative to be used in crop protection because of their safety to humans and nontarget organisms. Xenorhabdus sp. is an entomopathogenic bacterium that symbiotically associates with nematodes of the family Steinernematidae and has potential to be used in bioformulations due to its pesticide activities. The aim of this study was to determine the efficacy of bioformulations containing Xenorhabdus stockiae PB09 for controlling mushroom mites.
Background
Bioformulations are the biopesticides formulated with active ingredients based on safe microorganisms such as bacteria, viruses, fungi, nematodes, or plant extracts and semiochemicals (Gašić and Tanović 2013) . Nowadays, increasing interests in using bioformulations may be due to an escalation of the people's awareness of healthy food and organic agriculture. Also, the use of synthetic chemicals has been restricted due to the occurrence of pathogen resistance and the prolonged contaminations in the environments (Diehl and Fehrmann 1999) . Therefore, several trials have applied the bioformulations for solving these problems and resulted in effective protections in many crop plants (Elad et al. 1996) . In addition, the microorganism-based bioformulation, either in the form of individual application or part of the integrated pest management (IPM), may represent an alternative strategy for crop protection because of their safety to humans and non-target organisms (Gašić and Tanović 2013) . A number of bioformulation products commonly use Bacillus thuringiensis, especially for insect control. Also, there are a variety of user-friendly forms of bioformulation products, including dusts (DP), granules (GR), wettable powders (WP), oil dispersions (OD), and liquid formulations (Knowles 2005) . The WP formulation of B. licheniformis (N1E) mixed with corn starch and olive oil was evaluated against tomato gray mold caused by Botrytis cinerea in both artificial and natural infection settings, and the results showed that spraying of WP formulation mixed with a 100-fold diluted N1E was found to be the most effective approach (Lee et al. 2006) . Furthermore, B. thuringiensis Berliner (B.t.) mixed with water-soluble granular formulation was evaluated against the rice leaffolder, Cnaphalocrocis medinalis Guenee, and the results showed that the first spraying of the formulation containing 2.5 kg/ha B.t. led to the lowest leaffolder damage at only 8.21 % after 7 days and also the highest grain yield at 28. 58 kg/plot (Kandibane et al. 2010) . Currently, several entomopathogenic bacteria have received much attention as biological control agents. Xenorhabdus spp. are gram-negative bacteria belonging to the family Enterobacteriaceae and symbiotically associate with entomopathogenic nematodes of the family Steinernematidae (Boemare et al. 1993; Forst et al. 1997) . A complex cooperation between these bacteria and their nematodes leads to severe toxicity to many insect species (Akhurst 1983; Herbert and Goodrich-Blair 2007; Herbert Tran et al. 2009 ). When the nematodes infest their insect hosts, they release the symbiotic bacteria from their intestinal tracts into the insect host's hemocoel, and this action usually results in the death of insect hosts within 48 h, most likely due to the combined actions of bacterial multiplication, septicemia, and secretion of toxins (Bowen and Ensign 1998; Sicard et al. 2004; Yang et al. 2012) . Cell suspensions and cell-free supernatants of Xenorhabdus spp. have been shown to be highly effective under laboratory conditions for controlling of several insect pests, such as Plutella xylostella L. (Abdel-Razek 2003; Mahar et al. 2008) , Hopila philanthus (Fuessly) (Ansari et al. 2003) , Frankliniella occidentalis (Pergande), Thrips tabaci (Lindeman) (Gerritsen et al. 2005) , Galleria mellonella L. (Mahar et al. 2005) , Spodoptera exgua (Hubner), Otiorhynchus sulcatus (Fabricius), Schistocerca gregaria (Forskal) (Mahar et al. 2008) , and Tribolium castaneum (Herbst) (Shresth and Kim 2010) . Moreover, Bussaman et al. (2009) reported that application with Xenorhabdus nematophila and Photorhabdus luminescens caused the highest mortality of Luciaphorus perniciosus Rack, a mushroom mite, at 85 and 83 %, respectively. The cell suspension of X. nematophila that was cultivated for 48 h at the concentration of 1 × 10 8 cells/ml was found to cause the maximum mortality of L. perniciosus (85-88 %) and reduction of fecundity of its offspring (22.84 %). Moreover, the different parts of X. stokiae isolate PB09 culture (whole cell suspension, cell-free supernatant and crude cell extract) were also evaluated and the results showed that cell-free supernatant of X. stokiae PB09 was the most effective to control mushroom mite, resulting in miticidal activities at 89 % (Bussaman et al. 2012 ).
Nonetheless, the efficacy of Xenorhabdus spp. bacteria in the form of bioformulations has yet been explored. This is important to understand the suitable bioformulation forms of Xenorhabdus spp. before proceeding to the field experiments (Suprapta 2012) . Therefore, in this study, X. stockiae PB09 in various bioformulation forms were evaluated for controlling mushroom mites.
Methods

Bacteria, mushroom, and mite cultures
Xenorhabdus stockiae PB09 was isolated from Steinnernema siamkayai, its symbiotic nematode, that was originally obtained from the Department of Agriculture, Ministry Agriculture and Cooperatives, by using the methods previously described by Kaya and Stock (1997) . Xenorhabdus stockiae PB09 was initially isolated using the nutrient bromothymol blue triphenyltetrazolium chloride agar (NBTA) medium (containing 3 g/L beef extract (Criterion, USA), 5 g/L peptone (Criterion, USA), 8 g/L NaCl (Ajax Finechem, Germany), 15 g/L agar (BDH, England), 0.04 g/L Triphenyltetrazolium chloride (TTC) (Sigma Chemical, USA), and 0.025 g/L bromothymol blue (BTB) (Labchem, England)) and incubated in the dark at 28 °C for 24 h. The colonies that developed blue pigment were characterized as phase I which were picked up and grown in 250-ml flasks containing 100 ml Luria-Bertani (LB) broth (containing 10 g/L tryptone (Merck, Germany), 5 g/L yeast extract (Criterion, USA), and 10 g/L NaCl (Ajax Finechem, Germany)) at 200 rpm and 28 °C in the dark overnight and finally used as seed culture (Lacey 1997) . To prepare the bioformulations, X. stockiae PB09 seed culture (10 ml) were inoculated into LB broth (1000 ml) and placed in an incubator shaker at 200 rpm (New Brunswick Scientific, USA) and 28 °C for 48 h in the dark to obtain the bacteria at the concentration of approximately 10 10 cells/ ml which was used in the next step for producing the bioformulations as described in Table 1 . The mycelia of Lentinus squarrosulus mushroom, obtained from the Mushroom Researchers and Growers Society of Thailand, was sub-cultured using 90-mm plastic Petri dish plates containing potato dextrose agar (PDA) (Himedia, India) and incubated at 25 °C in the dark. The mushroom mycelia was then inoculated into a sawdust and sorghum grain mixture to generate the fresh spawn (Bussaman et al. 2006) . Mushroom mites (L. perniciosus) were collected from infested L. squarrosulus basidiocarps and composts obtained from Rapeephan mushroom farm in Khon Kaen province in the northeast of Thailand. A pair of male and female mites was placed in each glass bottle containing L. squarrosulus spawn and maintained at 28 °C for in-house breeding for all experiments (Bussaman et al. 2012 ).
Bioformulations of X. stockiae PB09
Xenorhabdus stockiae PB09 culture in LB broth at the concentration of approximately 10 10 cells/ml was thoroughly mixed with the materials described in Table 1 to generate the different bioformulations. For the WP formulation, the mixture was completely dried at 40-45 °C in a drying oven (Memmert GmbH, Germany) for 18-24 h and subsequently ground using a blender (Philips, Thailand) to form powder. The grinding process was carried out intermittently to minimize heat generation. The powder was then sieved through a 200-mesh filter (Retsch, Germary) to produce the WP formulation. To generate the liquid formulations, bacterial culture was centrifuged at 10,000 rpm and 4 °C for 15 min to separate the bacteria cells from the supernatant. The bacterial pellet was re-suspended in an equal volume of saline (0.85 % NaCl (Ajax Finechem, Germany)) and then mixed with the ingredients indicated in Table 1 to generate the liquid cell pellet (LC) formulation. The culture supernatant was filtered through a 0.22-μm filter (Ventical chromatography, Thailand) and mixed with the indicated ingredients to produce the liquid supernatant (LS) formulation. Then, all formulations were stored at 4 °C until required (Lee et al. 2006 ).
Effects of X. stockiae PB09 bioformulations on miticidal activities
One hundred adult L. perniciosus female mites (1 day old) were transferred to each of 50-mm Petri dish plates that containing mushroom mycelia grown on PDA medium. A total of 500 μl of each X. stockiae PB09 bioformulation (Table 1 ) at the concentration of 1 % (w/v or v/v) was then sprayed onto the L. squarrosulus mycelia infested with mushroom mites using mini-sprayer. The same volumes of LB broth and 0.04 % (w/v) propargite (Omite 20, Thailand) were used as negative and positive control groups, respectively. All plates were covered with lids and placed in a growth chamber (Memmert GmbH, Germany) at 28 °C and 80 % relative humidity in complete darkness. The experiments were performed in four replicates for three times. Miticidal activities were monitored every 24 h for 5 consecutive days after the treatments using the microscope (Nikon, Japan). Miticidal activities rate was calculated by the formula below:
where A = surviving female mites in negative control treatment; B = surviving female mites in X. stockiae PB09 bioformulation treatment.
Effects of storage time and conditions on X. stockiae PB09 bioformulations X. stockiae PB09 bioformulations were stored at room temperature (28 ± 2 °C) and 4 °C for 0, 15, 30, 45, and 60 days and evaluated for the bacterial cell viability and the ability to induce miticidal activities. One gram (WP formulation) or 1 ml (LC and LS formulations) of each formulation was suspended in 100 ml of sterile distilled water and examined for cell viability and miticidal activities by the methods described above.
Statistical analyses
All data were subjected to analysis of variance using the general linear models procedure (SAS Institute, Cary, NC). Data on the percentages of miticidal activities were arcsine transformed before analysis. Significant differences between the treatments were determined using the LSD test at p < 0.05.
Results and discussion
Effects of X. stockiae PB09 bioformulations on miticidal activities
The different bioformulations of X. stockiae PB09 were found to induce mortality of L. perniciosus at different levels (Table 2) . For all the bacterial formulations (WP, LC, and LS), the percentages of miticidal activities increased with time in all treatments and became steady 3 days after application. Three days after the treatments, the LS formulation of X. stockiae PB09 was extremely virulent and induced very high percentage of miticidal activities (92.78 ± 3.85 %), followed by WP and LC formulations (90.25 ± 3.33 and 86.50 ± 13.47, respectively), and, strikingly, all of which were not significantly different from 0.04 % (w/v) propargite (100 %). After the treatments with all the formulations, the percentages of miticidal activities on day 3 were 1.2-fold to 1.4-fold higher than that on day 1. In addition, no dead mites were observed after application with LB broth. Among the three formulations, LS formulation of X. stockiae PB09 caused the highest miticidal activities (92.78 %) which may be due to that miticidal compounds were mainly in the bacterial supernatant. This was similar to the previous report of Bussaman et al. (2012) which showed that cell-free supernatant of X. stokiae culture led to both the highest miticidal activity (89.00 %) and the lowest mite fecundity (41.33 eggs/ gravid female), when compared to its whole cell suspension and crude cell extract. The cell-free supernatant of X. nematophila was also found to be highly virulent to the insect pests, including S. exgua, P. xylostella, O. sulcatus, and S. gregaria, within 48 h (Mahar et al. 2008) , and also be extremely toxic to G. mellonella (95 % mortality) when being applied at the concentration of 4 × 10 7 cells/ ml (Mahar et al. 2005 ). This may suggest that cell-free supernatant of Xenorhabdus spp. could be suitable to be developed into the bioformulations. Some of the secondary metabolites produced by Xenorhabdus spp. that were highly active against destructive insect pests have been identified, including toxin complexes (Tc) (Ffrenchconstant et al. 2007 ), hydrolytic enzymes, e.g., chitinase protease, lipase and phospholipase (Forst et al. 1997) , and antibiotics, e.g., xenorhabdins, xenorxides, and xenocoumacins (Bode 2009 ), which directly affected the immune and hormonal systems of the insects (Owuama 2001) .
Miticidal activities
Effects of storage conditions on bacterial cell viability and ability to cause miticidal activities of X. stockiae PB09 formulations Effects of storage conditions on bacterial cell viability of X. stockiae PB09 formulations
The number of viable X. stockiae PB09 cells in all bioformulations were found to decrease with time. The results indicated that a number of viable X. stockiae PB09 cells in WP formulation were gradually decreased and the storage at 4 °C did not help to maintain the viable cells during the first 30 days of the storage, but the benefits of 4 °C was gradually shown during 45-60 days of storage (Fig. 1) . The 4 °C storage could maintain the bacterial viable counts in WP formulation from 2.68 × 10 8 to 9.66 × 10 5 cells/ml, but the room-temperature storage could maintain from 2.68 × 10 8 to only 4.51 × 10 5 cells/ ml. Interestingly, 4 °C storage was found to be very beneficial for the LC formulation as it could help to keep the very high number of bacterial viable cells during 60 days of storage, resulting in remaining 7.75 × 10 7 cells/ml (from 2.68 × 10 8 cells/ml), whereas the room-temperature storage could maintain the remaining viable cells at 5.50 × 10 6 cells/ml (from 2.68 × 10 8 cells/ml) (Fig. 2) . Therefore, the 4 °C is more appropriate for storing both WP and LC formulations than the room temperature. The LC formulation was found to have higher cell viability than the WP formulation may be because of that the protocol to produce LC formulation had no desiccation step. Also, LC formulation contained Tween 20 as chemical amendment that could hold a high level of water to protect the viable cells from the effects of adverse environments, for example, desiccation, osmotic pressure, and temperature stress during the re-suspension and the experiments (Fillinger et al. 2001) . Effects of the storage conditions on miticidal activities of X. stockiae PB09 formulations
The miticidal activities of X. stockiae PB09 formulations gradually dropped during the 60 days of storage at 4 °C and room temperature (Fig. 3) . The maintenance conditions at 4 °C for 60 days resulted in WP, LC, and LS formulations having miticidal activities at 68. 08-90.25, 65.44-86.51, and 62.08-92 .78 %, respectively. The WP and LC formulations caused the levels of miticidal activities significantly higher that of LS formulation. Miticidal activities of all three formulations had 1.3-fold to 1.5-fold decrease during the 4 °C storage, and LS formulation showed the maximum reduction of miticidal activity. Xenorhabdus stockiae PB09 bioformulations that were kept at room temperature were shown to have lower of miticidal activities when compared to those stored at 4 °C. The WP, LC and LS formulations stored at room temperature for 60 days could cause the miticidal activities at 59. 37-90.25, 61.83-86.51 and 52.16-92 .78 %, respectively. The WP and LC formulations stored for 60 days induced similar levels of miticidal activities, which were significantly higher than LS formulation. Miticidal activities of all three formulations had 1.0-fold to 1.8-fold decrease during the room temperature storage, and LS formulation showed the maximum decrease of miticidal activity (Fig. 3) . From these results, 4 °C was more appropriate than room temperature for maintaining the miticidal activities of all X. stockiae PB09 bioformulations.
Although LS formulation had the highest miticidal activity, this formula was not suitable for long-term storage. The results suggested that WP and LC formulations are more likely to be stable than LS formulation for long-term storage in both 4 °C and room temperature. This may be because the metabolites in cell-free supernatant of the LS formulation had low stability and could not tolerate the adverse environmental conditions, whereas the WP and LC formulations were more stable and could maintain miticidal activities better than LS formulation because of their components (corn starch and olive oil) that contributed to the attachment and longevity of the bioactive compounds (Fravel et al. 1998 ). In the formulation, starch could become gelatinized and form a cross-linked structure in which the biological control agent could be trapped (Fravel et al. 1998) , and this also may enhance the attachment of the bacteria to the mushroom mycelia (Burges and Jones 1998) . In addition, Fig. 2 Effects of the storage conditions on the viability of X. stockiae PB09 cells in LC formulation Fig. 3 Effects of storage conditions on miticidal activities of X. stockiae PB09 formulations kept at 4 °C and room temperature (RT) where WP wettable powder formulation, LC liquid cell pellet formulation, LS liquid supernatant formulation olive oil and sugar may serve as food for viable bacteria and also regulate the water availability in both WP and LC formulations (Lee et al. 2006) . The use of attachment agents has been shown to be beneficial in many formulations (Knowles 2005) . For example, the WP formulation of B. licheniformis could effectively control the tomato gray mold caused by B. cinerea under production conditions and in plastic-house artificial infection experiments (Lee et al. 2006 ). The talc-based WP formulation of Pseudomonas fluorescens TDK1 + Pf1 strains (amended with or without chitin) was shown to cause high levels of leafminer's larval mortality at approximately 65-85 %. This formulation was effective at reducing the incidences of leafminer and collar rot in groundnut under laboratory settings as well as greenhouse and field conditions (Senthilraja et al. 2010) . Similarly, the talc and wood powder formulations of Bacillus spp. and P. fluorescens significantly decreased the root rot disease index percentages when compared with the control (p > 0.05) (Sallam et al. 2013) . For these reasons, the WP form may have the most promising potentials for future development of X. stockiae PB09 formulations due to long storage stability, good miscibility with water, and convenient application using conventional spraying equipment (Brar et al. 2006; Knowles 2005) .
Conclusion
In conclusion, this study showed that the WP and LC formulations were found to be effective for controlling mushroom mites. Also, WP may be the most appropriate formulation for the future development of X. stockiae PB09 as biological control agent for controlling mushroom mites and, perhaps, other insect pests.
